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In  this  study,  a  simple,  facile,  and  effective  wet-chemical  strategy  was  developed  in  the  synthesis  of 
uniform  porous  Pt— Pd  nanospheres  (Pt— Pd  NSs)  supported  on  reduced  graphene  oxide  nanosheets 
(RGOs)  under  ambient  temperature,  where  octylphenoxypolye  thoxyethanol  (NP-40)  is  used  as  a  soft 
template,  without  any  seed,  organic  solvent  or  special  instruments.  The  as-prepared  nanocomposites 
display  enhanced  electrocatalytic  activity  and  good  stability  toward  methanol  oxidation,  compared  with 
commercial  Pd/C  and  Pt/C  catalysts.  This  strategy  may  open  a  new  route  to  design  and  prepare  advanced 
electrocatalysts  for  fuel  cells. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Fuel  cells  have  been  attracting  increasing  attention  in  recent 
decades  because  of  their  high  efficiency  and  low/zero  emission. 
Direct  methanol  fuel  cells  (DMFCs),  using  liquid  and  renewable 
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methanol  fuel,  have  been  considered  as  a  promising  candidate  in 
terms  of  fuel  usage  and  feed  strategies  [1].  It  is  known  that  Pt 
nanoparticles  are  thought  as  the  best  catalyst  in  fuel  cells,  though 
the  Pt-based  catalyst  still  suffers  from  CO  deactivation  and  its 
susceptibility  to  time-dependent  drift  [2,3].  Furthermore,  high  cost 
and  limited  reserves  of  Pt  in  nature  are  the  major  obstacle  to  mass 
market  fuel  cells  for  commercial  applications.  To  realize  the 
commercialization  of  fuel  cells,  many  efforts  are  focused  on  the 
preparation  of  economical  and  effective  nanocatalysts,  and  thereby 
cost-effective  routes  are  always  popular.  Thus,  different  Pt-based 
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alloyed  nanomaterials  such  as  Pt-Ru  [4],  Pt-Ni  [5]  and  Pt-Co  [6] 
have  been  prepared  to  improve  the  catalytic  activity  for  fuel  cells. 

In  general,  surface  structure  and  composition  of  a  catalyst  play 
important  roles  in  determining  the  catalytic  ability,  because  catal¬ 
ysis  reaction  is  usually  occurred  on  the  catalyst  surface  [7].  Spe¬ 
cifically,  the  surface  morphology,  size,  composition,  and  crystal 
structures  of  a  catalyst  strongly  determine  its  catalytic  efficiency, 
selectivity,  and  durability  [8,9].  For  instance,  Liu  et  al.  [10  prepared 
ring-shaped  Pd-Ag  nanostructures  on  graphene  nanosheets, 
which  showed  improved  electrocatalytic  activity  toward  the 
oxidation  of  small  organic  fuels.  Moreover,  large  quantities  of  atoms 
located  within  the  interior  of  solid  catalysts  are  actually  not 
involved  in  catalysis  reaction,  because  the  active  sites  are  only 
offered  by  the  atoms  on  the  catalyst  surface  or  subsurface.  There¬ 
fore,  porous  catalyst  with  large  surface  area  and  more  active  sites  is 
of  great  interest,  where  much  less  catalyst  is  required,  compared 
with  the  solid  counterparts. 

For  the  immobilization  of  catalysts,  carbon  materials  (e.g.  car¬ 
bon  black,  carbon  nanotubes,  and  nanofibers)  are  usually  used  as 
supports,  owing  to  their  high  electrical  conductivity,  high  stability, 
and  large  surface  area  [11  ].  As  a  new  carbon  material,  graphene  has 
attracted  tremendous  attention  as  supports  in  recent  years, 
because  of  its  large  surface  area,  excellent  thermal/chemical  sta¬ 
bility,  high  electrical  conductivity,  and  numerous  residue  oxygen- 
containing  functional  groups  [12-14].  Up  to  now,  graphene-sup- 
ported  metal  nanoparticles  are  mainly  focused  on  solid  mono-  and 
bi-metallic  nanocrystals. 

Herein,  a  simple,  facile,  efficient,  and  green  synthetic  approach 
was  developed  for  the  direct  preparation  of  porous  Pt-Pd  nano¬ 
spheres  (Pt-Pd  NSs)  uniformly  supported  on  reduced  graphene 
oxide  nanosheets  (Pt-Pd  NSs/RGOs)  in  aqueous  solutions  at  room 
temperature,  without  any  seed,  organic  solvent  or  hard  template. 
Furthermore,  the  as-prepared  nanocomposites  exhibit  enhanced 
catalytic  activity  toward  methanol  oxidation,  making  it  promising 
in  fuel  cells. 

2.  Experimental 

2.1  Chemicals  and  materials 

Graphite  powder  (99.95%,  8000  mesh),  commercial  10%  Pd/C 
catalyst,  commercial  10%  Pt/C  catalyst,  octylphenoxypolye  thox- 
yethanol  (NP-40),  formic  acid  (88%),  methanol,  chloroplatinic  acid 
(H2PtCl6-6H20)  and  palladium  chloride  (PdCl2)  were  purchased 
from  Aladdin  Chemistry  Co.  Ltd  (Shanghai,  China).  All  the  chem¬ 
icals  were  used  without  further  purification.  All  the  aqueous  so¬ 
lution  was  prepared  with  twice-distilled  water  in  the  whole 
experiments. 

2.2.  Catalyst  preparation 

The  graphene  oxide  nanosheets  (GOs)  were  firstly  prepared 
from  natural  graphite  powder  via  acid-oxidation  based  on  the 
modified  Hummers  method  [15,16].  After  removal  of  residual  salts 
and  acids,  the  resultant  was  further  treated  by  ultrasonication  to 
obtain  the  exfoliated  GOs. 

Typical  synthesis  of  the  porous  Pt-Pd  NSs/RGOs  was  described 
as  follows:  the  aqueous  solution  of  GOs  suspension  was  ultra- 
sonicated  for  at  least  30  min.  Then,  5  mL  GOs  suspension 
(0.5  mg  mL'1).  3  mL  H2PtCl6-6H20  (10.0  mM),  3  mL  PdCl2 
(10.0  mM),  and  0.5  mL  NP-40  (0.5  mg  mL'1)  were  mixed  together 
into  a  vial  by  gentle  agitation,  followed  by  the  slow  addition  of 
0.5  mL  formic  acid  under  stirring.  Next,  the  mixture  was  kept  at 
room  temperature,  without  disturbance  for  three  days.  The 
resulting  black  precipitates  were  collected  by  centrifugation  and 


thoroughly  washed  with  water,  and  finally  dried  in  vacuum  at 
ambient  temperature  for  further  characterization. 

2.3.  Characterization 

The  morphology  and  crystal  structures  of  the  catalysts  were 
characterized  by  transmission  electron  microscopy  (TEM)  and  high 
resolution  TEM  (HR-TEM)  on  a  JEM-2010F  transmission  electron 
microscopy  operating  at  an  acceleration  voltage  of  200  KV  equip¬ 
ped  with  selective  area  electron  diffraction  (SAED).  The  chemical 
composition  was  characterized  by  an  energy  dispersive  X-ray 
spectroscopy  (EDX)  with  Vantage  Digital  Acquisition  Engine 
(Thermo  Noran,  USA).  X-ray  diffraction  (XRD)  patterns  were  ob¬ 
tained  on  a  Rigaku  Dmax-2000  diffractometer  with  a  Cu  Ka  radi¬ 
ation  source  (A  =  0.15418  nm).  The  UV-vis  absorption  spectra  were 
recorded  by  using  a  Lambda950  UV/Vis/NIR  spectrometer.  The 
Fourier  transform  infrared  (FT— IR)  spectra  were  recorded  with  a 
Nicolet  NEXUS670  Fourier  transform  infrared  spectrometer  in  the 
wavenumber  range  of  500-4000  cm-1.  X-ray  photoelectron 
spectra  were  recorded  on  a  K-Alpha  XPS  spectrometer  (Thermo- 
Fisher,  E.  Grinstead,  UK)  with  an  Al  Ka  X-ray  radiation  (1486.6  eV) 
for  excitation.  Raman  spectra  of  the  catalysts  were  examined  by 
using  a  Renishaw  Raman  system  model  1000  spectrometer  equip¬ 
ped  with  CCD  detector,  performed  with  a  He/Ne  laser  at  a  wave¬ 
length  of  633  nm.  Thermogravimetric  analysis  (TGA)  was 
performed  on  a  simultaneous  thermo-gravimetric  analyzer 
(NETZSCH  STA  449C).  The  samples  were  heated  under  an  air  at¬ 
mosphere  from  room  temperature  to  800  °C  at  a  rate  of  10  °C  min-1. 

2.4.  Electrochemical  investigation 

All  the  electrochemical  measurements  were  performed  at  room 
temperature  on  a  CHI  660D  electrochemical  workstation  (CH  In¬ 
struments,  Chenhua  Co.,  Shanghai,  China)  with  a  three-electrode 
cell  configuration.  A  bare  or  modified  glassy  carbon  electrode  (GCE, 
3  mm  diameter,  0.0706  cm2),  a  platinum  wire,  and  a  saturated 
calomel  electrode  (SCE)  were  used  as  working  electrode,  counter 
electrode,  and  reference  electrode,  respectively.  For  the  preparation 
of  the  Pt-Pd  NSs  modified  electrode,  3  mg  of  the  catalyst  was  put 
into  1  mL  water  and  dispersed  by  ultrasonication  for  30  min  to 
obtain  a  homogeneous  suspension.  Next,  6  pL  of  the  suspension 
was  uniformly  casted  on  the  freshly  clean  GCE  and  dried  in  air. 
Thus,  the  specific  loading  of  the  catalyst  on  the  electrode  surface 
was  0.255  mg  cm-2. 

The  electrochemically  active  surface  area  (EASA)  of  the  catalyst 
was  determined  by  calculating  the  hydrogen  adsorption/desorption 
area.  The  charge  for  monolayer  adsorption/desorption  of  hydrogen 
on  Pt  was  assumed  to  be  210  pC  cm-2,  but  it  is  not  rational  to  derive 
the  EASA  of  Pt-Pd  alloy  catalyst  from  hydrogen  region,  because 
hydrogen  can  diffuse  into  the  Pd  bulk  to  form  Pd  hydride,  instead  of 
adsorbing  onto  the  Pd  surface.  To  evaluate  the  electrocatalytic  ac¬ 
tivity  of  the  catalysts  toward  methanol  oxidation,  voltammetric 
experiments  were  performed  in  a  solution  containing  1.0  M  NaOH 
and  1.0  M  CH3OH  at  the  scan  rate  of  50  mV  s-1. 

3.  Results  and  discussion 

Fig.  1A  shows  the  Pt-Pd  NSs  uniformly  dispersed  on  the  RGOs, 
with  the  average  diameter  of  52.5  ±  2.5  nm  based  on  the  particle 
size  histograms  (inset  in  Fig.  IB).  The  as-prepared  products  show 
porous  structures  (Fig.  IB  and  C),  owing  to  the  essential  role  of  NP- 
40  as  a  soft  template  [17,18].  In  addition,  a  mixed  diffraction  pattern 
is  observed  from  the  SAED  measurements  (inset  in  Fig.  1C),  corre¬ 
sponding  to  (111),  (200),  (220),  and  (311)  planes  from  inside  to 
outside.  This  result  is  in  good  accordance  with  the  XRD  analysis 
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Fig.  1.  TEM  (A)  and  HR-TEM  (B,  C,  D,  E)  images  of  the  porous  Pt-Pd  NSs/RGOs.  Inset  shows  the  corresponding  particle  size  distribution  (B),  SAED  (C)  and  EDX  (F)  pattern. 


(Fig.  3 A),  suggesting  the  defects  and  multiple  crystal  domains  in  Pt 
crystals.  Moreover,  the  HR-TEM  images  reveal  well  crystallization  of 
the  porous  Pt-Pd  NSs  with  a  Pt-Pd  (111)  lattice  spacing  of 
0.225  nm  (Fig.  ID).  This  value  is  smaller  than  the  lattice  spacing  of 
the  (111 )  planes  of  the  face-centered  cubic  (fee)  Pt  and  Pd  19  .  And 
a  Pt-Pd  (200)  lattice  spacing  of  0.190  nm  is  obtained  (Fig.  IE)  [20], 
which  agrees  well  with  the  value  of  0.193  nm  calculated  by  using 
the  (200)  diffraction  peak  based  on  Debye-Scherrer’s  formulation. 
The  measured  lattice  spacing  reflects  the  expected  lattice 
contraction,  which  is  consistent  well  with  the  XRD  analysis. 

The  associated  EDX  pattern  verifies  simultaneous  existence  of  Pt 
and  Pd  in  a  single  porous  Pt-Pd  NSs.  The  atomic  ratio  of  Pt  and  Pd  is 
ca.  3:1  (Fig.  IF).  Furthermore,  the  elements  of  C,  O,  and  Cu  were  also 
detected.  Clearly,  the  peak  of  C  comes  from  the  RGOs  and  sup¬ 
porting  film  of  the  copper  mesh,  while  the  oxygen  signal  is  origi¬ 
nated  from  the  incomplete  reduction  of  GOs  [21].  Besides,  the 
signals  indexed  to  Cu  are  attributed  to  the  copper  mesh  used  for  the 
TEM  experiments. 

As  depicted  in  Fig.  2A,  C,  D,  the  peaks  located  at  71.2,  74.5, 335.4, 
and  340.8  eV  are  assigned  to  the  binding  energy  of  Pt  4f7/2,  Pt  4f5/2, 
Pd  3d5/2,  and  Pd  3d3/2,  respectively,  revealing  the  coexistance  of  Pt 
and  Pd  [22].  The  elemental  component  of  the  porous  Pt— Pd  NSs/ 
RGOs  was  listed  in  Table  SI  (Supporting  information).  The  atom 
ratio  of  Pt  and  Pd  is  about  3:1,  which  is  in  accordance  with  the  XPS 
analysis.  Meanwhile,  the  peak  at  around  284.5  eV  is  attributed  to 
the  binding  energy  of  C  1  s,  which  was  further  separated  into  four 
peaks  at  284.5,  286.6,  287.6,  and  288.8  eV  (Fig.  2B),  corresponding 
to  the  C-C  (sp2  C),  C-O,  C=0,  and  0-C=0  groups,  respectively 
[23,24].  The  peaks  related  to  the  oxygen  functionalities  are  much 
weaker,  compared  with  the  sp2  C-C  peak,  indicating  nearly 


complete  reduction  of  the  GOs.  The  XPS  analysis  provides  solid 
support  about  the  synthesis  of  the  porous  Pt-Pd  NSs/RGOs. 

The  XRD  pattern  confirms  the  formation  of  the  porous  Pt— Pd 
NSs/RGOs  (Fig.  3A,  curve  a),  where  the  representative  diffraction 
peaks  at  40°,  47°,  68°,  and  82°  are  all  in  good  agreement  with  the 
(111),  (200),  (220)  and  (311)  planes  of  Pt-Pd  alloy  [25,26], 
respectively.  However,  these  diffraction  peaks  are  slightly  shifted 
to  higher  26  values,  compared  with  the  commercial  Pt  black 
[27,28],  indicating  the  formation  of  Pt-Pd  alloy.  The  average 
lattice  parameter  value  (a)  is  0.39150  nm,  calculated  from  the 
four  diffraction  peaks  (Table  S2,  Supporting  information)  [29]. 
Notably,  the  a  value  lies  between  those  of  bulk  Pt  (JCPDS-40- 
0802  Pt,  a  =  0.39224  nm)  and  bulk  Pd  (JCPDS-46-1043  Pd, 
a  =  0.38892  nm)  [27,29],  reflecting  the  lattice  contraction  for  the 
partial  substitution  of  Pt  by  Pd.  In  addition,  a  broad  diffraction 
peak  at  ~23°  of  the  sample  is  indexed  to  disorderedly  stacked 
graphene  [30],  different  from  that  of  the  GOs  sample  only  with  a 
strong  peak  at  11°  that  is  associated  with  the  (002)  planes  of  GOs 
(Fig.  3A,  curve  b).  These  results  indicate  the  reduction  of  GOs  by 
formic  acid  [30]. 

The  formation  of  the  porous  Pt-Pd  NSs/RGOs  was  characterized 
by  UV-vis  spectroscopy.  In  the  adsorption  spectrum  of  the  GOs 
sample  (Fig.  3B,  curve  b),  the  adsorption  peak  at  206  nm  can  be 
assigned  to  the  n— tz*  transitions  of  aromatic  C=C  bonds.  However, 
for  the  porous  Pt-Pd  NSs/RGOs  (Fig.  3B,  curve  a),  a  broad  peak 
centered  at  282  nm  appears,  accompanied  with  the  red  shift  of  the 
adsorption  peak  at  206  nm-228  nm,  suggesting  the  formation  of 
the  RGOs  [10,31]. 

The  solid  support  for  GOs  reduction  is  FT-IR  spectrum.  In  the 
case  of  the  porous  Pt-Pd  NSs/RGOs  (Fig.  3C,  curve  a),  there  are 
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Fig.  2.  XPS  spectra  (A),  C  Is  XPS  spectra  (B),  the  fine  spectrum  of  Pt  4f  (C)  and  Pd  3d  (D)  of  the  porous  Pt-Pd  NSs/RGOs. 


three  weak  peaks  and  a  strong  broad  one  observed  at  1060, 1228, 
1627,  and  3417  cm-1,  which  are  attributed  to  the  stretching  vi¬ 
bration  of  C— O,  stretching  vibration  of  C-OH,  skeletal  vibration 
of  C=C  [24],  and  O-H  stretching  vibration  of  C-OH  groups  and 


water  [32],  respectively.  The  observation  is  quite  different  from 
that  of  the  GOs  sample  (Fig.  3C,  curve  b),  showing  almost 
removal  of  the  oxygen-containing  functional  groups  from  the 
GOs  surfaces. 


Fig.  3.  XRD  patterns  (A),  UV-vis  absorption  (B),  FT-IR  (C),  and  Raman  (D)  spectra  of  the  porous  Pt-Pd  NSs/RGOs  (curve  a)  and  GOs  (curve  b),  respectively. 
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Raman  spectroscopy  is  another  potent  tool  to  evaluate  struc¬ 
tural  defects,  number  of  layers,  and  doping  level  of  graphene  [33- 
35].  The  typical  features  for  carbon  in  Raman  spectra  are  the  G  band 
corresponding  to  the  doubly  degenerate  E2 g  of  graphite  [36],  while 
the  D  band  is  associated  with  the  Aig  breathing  mode  of  disordered 
graphite  structure  [37,38].  Meanwhile,  the  JD/JG  intensity  ratio  is  an 
indicator  of  the  degree  of  disorder  and  average  size  of  the  sp2  do¬ 
mains,  evidencing  the  number  of  defects  in  catalysts  [36,38,39].  In 
this  study,  there  are  two  strong  characteristic  peaks  at  1351  cm-1 
for  the  D  band  and  1596  cm-1  for  the  G  band  for  the  porous  Pt-Pd 
NSs/RGOs,  respectively  (Fig.  3D,  curve  a).  As  shown,  the  two  bands 
display  a  slightly  blue  shift,  compared  with  the  GOs  sample  (Fig.  3D, 
curve  b).  Meanwhile,  the  /d//g  intensity  ratio  slightly  increases 
(Table  S3,  Supporting  information),  confirming  that  the  highly 
crystalline  structure  of  graphene  was  well-preserved  even  after 
chemical  deposition  of  Pt-Pd  catalysts  [19,38].  This  is  important  for 
achieving  good  electrical  conductivity  in  the  hybrid  composites. 

TGA  analysis  was  performed  to  check  the  weight  loss  of  the 
porous  Pt-Pd  NSs/RGOs  (Fig.  SI,  Supporting  information).  The 
weight  loss  below  100  °C  is  attributed  to  the  escape  of  water  mol¬ 
ecules  absorbed  between  the  grapene  sheets.  More  importantly,  the 
weight  loss  is  much  lower  in  the  temperature  range  of  130-170  °C, 
compared  with  the  GOs  sample  under  the  same  conditions  (curve  b), 
indicating  the  decrease  of  the  quantity  of  oxygenated  functional 
groups  on  the  graphene  [40,41  ].  Additionally,  the  percentage  of  the 
porous  Pt-Pd  NSs  by  weight  is  about  88  wt%. 

The  EASA  of  the  porous  Pt-Pd  NSs/RGOs  modified  electrodes  is 
estimated  by  the  CO-stripping  measurements  (Fig.  4A),  assuming  a 
value  of  210  pC  cm-2  for  the  oxidation  of  a  CO  monolayer 
[14,31,41,42] 

EASA(cm2mg-1)  =  Q/{[metal]  x  210} 

Where  [metal]  represents  the  loading  of  Pt  and  Pd  (mg).  The  EASA 
of  the  porous  Pt-Pd  NSs/RGOs  (Fig.  4A)  is  calculated  to  be  about 


681  cm2  mgmetai  (Fig-  4A),  which  is  much  larger  than  that  of  com¬ 
mercial  10%  Pd/C  with  the  value  of  39.4  cm2  mgmetai  under  identical 
conditions  (Fig.  4B).  Furthermore,  the  onset  potential  is  0.516  V  for 
the  porous  Pt-Pd  NSs/RGOs  modified  electrode,  which  negatively 
shifts  in  comparison  with  the  commercial  10%  Pd/C  with  a  value  of 
0.593  V,  owing  to  the  special  structures  of  the  porous  Pt-Pd  NSs/ 
RGOs. 

The  electrocatalytic  activity  of  the  porous  Pt-Pd  NSs/RGOs 
(Fig.  4C,  curve  a),  commercial  10%  Pd/C  (Fig.  4C,  curve  b),  and  10% 
Pt /C  (Fig.  4C,  curve  c)  modified  electrodes  was  examined  by  cyclic 
voltammetry  in  1.0  M  NaOFI  solutions  containing  1.0  M  methanol. 
In  each  case,  a  methanol  oxidation  peak  is  clearly  observed  in  the 
forward  scan  from  -0.3  to  0.0  V.  And  another  anodic  peak  is 
detected  during  the  reverse  scan,  which  is  associated  with  the 
removal  of  incompletely  oxidized  carbonaceous  species  (e.g.  CO) 
formed  in  the  forward  scan.  In  the  case  of  the  porous  Pt-Pd  NSs/ 
RGOs,  the  maximum  forward  current  density  is  about 
180  mA  cnrr2,  which  is  much  higher  than  the  commercial  10%  Pd/C 
(0.73  mA  cm-2)  and  10%  Pt/C  (0.6  mA  cm-2)  samples,  indicating 
enhanced  catalytic  activity  of  the  porous  Pt-Pd  NSs/RGOs.  To 
evaluate  the  catalyst  tolerance  to  the  CO  poisoning,  the  forward 
anodic  peak  current  C/f)  is  compared  with  the  reverse  anodic  peak 
current  C/r).  Flerein,  the  ratio  of  Jf/7r  is  1.5  for  the  porous  Pt-Pd  NSs/ 
RGOs  modified  electrodes,  which  is  much  bigger  than  the  20%  Pt/C 
[42]  and  other  similar  catalysts  [42,43]  modified  electrodes, 
demonstrating  an  increased  efficiency  in  the  removal  of  poisonous 
CO  species  from  the  surface  of  the  catalysts. 

Chronoamperometry  is  used  to  investigate  the  electrocatalytic 
activity  and  stability  of  the  porous  Pt-Pd  NSs/RGOs  (Fig.  4D,  curve 
a),  commercial  10%  Pd/C  (Fig.  4D,  curve  b),  and  commercial  10%  Pt/C 
(Fig.  4D,  curve  c)  modified  electrodes  using  methanol  as  model 
molecules  at  an  applied  potential  of  -0.3  V.  The  polarization  cur¬ 
rents  of  the  porous  Pt-Pd  NSs/RGOs  modified  electrode  decrease 
quickly  within  1500  s  and  then  slowly  decay  above  3000  s  to 
approach  a  limiting  current  (up  to  4000  s).  The  initial  rapid  decay  in 


Fig.  4.  CO-stripping  voltammograms  of  the  porous  Pt-Pd  NSs/RGOs  (A)  and  commercial  10%  Pd/C  catalyst  (B)  modified  electrodes  in  0.5  M  H2S04  at  50  mV  s_1.  The  CVs  (C)  recorded 
at  50  mV  s-1  and  chronoamperometric  curves  (D)  of  the  porous  Pt-Pd  NSs/RGOs  (a),  commercial  10%  Pd/C  (b),  and  commercial  10%  Pt/C  (c)  modified  electrodes  in  1.0  M 
CH3OH  +  1.0  M  NaOH  aqueous  solution.  Inset  shows  the  corresponding  CVs  of  10%  Pd/C  and  10%  Pt/C. 
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Fig.  5.  Forward  peak  current  density  (/f)  as  a  function  of  potential  scanning  cycles  of 
the  porous  Pt-Pd  NSs/RGOs  modified  electrode  in  the  1.0  M  CH3OH  +  1.0  M  NaOH 
solution.  Inset  shows  the  corresponding  20th  and  200th  CVs  of  the  porous  Pt-Pd  NSs/ 
RGOs. 


current  density  is  ascribed  to  catalyst  poisoning  by  chemisorbed 
carbonaceous  species  such  as  COad  formed  on  the  catalysts  surface 
[40,44].  Moreover,  the  limiting  currents  of  the  porous  Pt-Pd  NSs/ 
RGOs  modified  electrode  decrease  to  2.0  mA  cm-2  up  to  4000  s, 
much  higher  than  those  of  the  commercial  10%  Pd/C  (Fig.  4D,  curve 
b)  and  commercial  10%  Pt/C  (Fig.  4D,  curve  c)  modified  electrodes 
with  a  value  of  nearly  zero  within  10  s.  The  satisfactory  tolerance, 
improved  electrocatalytic  ability  and  stability  of  the  porous  Pt-Pd 
NSs/RGOs  modified  electrode  are  attributed  to  the  special  struc¬ 
tures  of  the  porous  Pt-Pd  NSs/RGOs. 

The  high  catalytic  activity  and  excellent  stability  of  the  porous 
Pt-Pd  NSs/RGOs  modified  electrode  were  further  demonstrated  by 
cyclic  voltammetry  (Fig.  5),  where  the  catalytic  current  density  is 
almost  constant  within  200  cycles.  For  example,  using  the  steady 
state  peak  current  density  of  the  20th  cycle  in  the  forward  scan  as  a 
reference,  the  peak  current  density  on  the  porous  Pt-Pd  NSs/RGOs 
modified  electrode  remains  about  95%  after  200  cycles  (inset  in 
Fig.  5).  The  good  performance  of  the  porous  Pt-Pd  NSs/RGOs  as  a 
catalyst  is  possibly  due  to  larger  EASA  [45],  favorable  distance  be¬ 
tween  Pt-Pd  alloy  [46  ,  high  load  and  well-dispersed  porous  Pt-Pd 
NSs  on  RGOs,  and  good  electrical  conductivity  of  graphene. 

4.  Conclusions 

In  conclusion,  a  simple  and  facile  one-pot  wet-chemical  method 
was  developed  for  the  fabrication  of  uniform  porous  Pt-Pd  NSs/ 
RGOs,  with  the  assistance  of  NP-40  as  a  soft  template.  The  elec¬ 
trochemical  experiments  show  that  the  as-prepared  novel  com¬ 
posites  have  excellent  catalytic  activity  and  better  stability  toward 
methanol  oxidation,  making  it  a  promising  catalyst  in  fuel  cells. 
This  work  provides  a  new  approach  in  the  synthesis  of  potential 
porous  bimetal/RGOs  composites  with  high  catalytic  activity. 
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